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.2012.11.Abstract The durability of asphalt pavement is greatly inﬂuenced by the environmental changes
during the year. In this paper, we prepared asphalt modiﬁed by mixing asphalt 60/70 with epoxi-
dized natural rubber (ENR) in different percentages (5, 10 and 15%), which was achieved using pre-
formed peracetic acid (aqueous solution 59%) at 60–80 C, then molten cross-linker maleic
anhydride (MA) was added to modiﬁed asphalt until homogenous blends are achieved. Marshall
test was used to evaluate the asphalt pavement performance depending on the curing time and hard-
ener concentration. To measure marshall test, the pervious mixture was stirred with aggregate jop
formula mix (JMF) and 40% MA at 150–170 C for 20 h and 1600 rpm. From the obtained data, it
was found that asphalt mixed with 15% of ENR+ 40%MA achieves a high stability (16,632 New-
ton), air voids of 2.5%, ﬂow of 2.9 mm and mineral voids of 14.6%. While, the stability of the
unmodiﬁed asphalt was (11,500 Newton), the ﬂow 3.2 mm, the suitable air void value was 3.7%
at 5.5% with the same conditions.
ª 2012 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Polymer-modiﬁed asphalt cement increases the level of ﬁeld
performance of asphalt concrete. Polymer modiﬁers improve
the thermal cracking resistance, provide resistance to perma-
nent deformation, improve resistance to moisture damage, de-
crease the temperature susceptibility of asphalt cements and45902; fax: +20 2227727433.
.M.M. Abd El Rahman).
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006increase the tensile strength of asphalt [1–3]. The polymer
should form a continuous network within the asphalt. For this
reason, the polymer and asphalt need to be compatible, but the
inﬂuence of the polymers depends on; physical properties,
chemical properties, quantity and type of polymer. The inabil-
ity of polymers to mix with asphalt in an unlimited fashion is
rather a general phenomenon. The behavior of asphalts under
the inﬂuence of polymer additives has not been completely ex-
plained yet. It is generally accepted that asphalt–polymer sys-
tems are heterogeneous mixtures of varying character and
degree of compatibility of their components. Choosing the
proper components for these mixtures is not simple because
of the difﬁculties related to their miscibility. Prepared mixture
should be at least micro heterogeneous. Using the concept of
compatibility found a way to disperse polymer uniformlyhosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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physicochemical properties [4–6]. Fundamental elements, which
determine the likelihood of obtaining homogeneous asphalt–
polymer mixtures, are: (1) The polymer should swell or be solu-
ble in aliphatic or aromatic solvent and should distinguish itself
by having a structure similar to that of oils and asphalt resins. If
the polymer does not display such a characteristic, then a third
component that mixes well with asphalt needs to be introduced;
(2) It is most beneﬁcial to introduce the polymer into the asphalt
in the form of a latex or oligomer. It is usually necessary to break
uphard andbrittle polymer as a ﬁrst step; (3) In the case of appli-
cations involving highly oxidized asphalt containing relatively
small amounts of oil-based components, the polymer should
be plasticized by the addition of aromatic or naphthenic oil,
and (4) It is beneﬁcial to mix polymers with asphalt at tempera-
tures that will ensure the elimination of processes that might de-
grade or destroy the polymer. As a rule, the mixing temperature
should not be below 150 C.
The miscibility of components of asphalt–polymer mixture
is inﬂuenced by the following two factors [7–9]:
1. The method by which the mixture is obtained. It is espe-
cially important to determine the proper choice of parame-
ters such as temperature, mixing time, and speed of mixing
(external factors).
2. The second factor is related to the properties and structure
of the asphalt (amount of oils and asphaltenes in asphalt,
the crystallinity degree of asphalt) and the polymer, as well
as the source and amount of the added polymer (internal
factors).
The main objective of our work is to synthesize epoxy resins
from natural rubber and use it in improving the pavement.
Also, the efﬁciency of the modiﬁed asphalt was measured by
Marshall test.
2. Experimental
2.1. Materials used
In this study, a technical grade of glacial acetic acid, acetic anhy-
dride, diethanol amine, acetone,maleic anhydride, hydrochloric
acid (36%), hydrogen peroxide (chemically pure, and its
strength was determined precisely by the thiosulfate method
and was found to be 25%) were used for preparing peracid.
Potassium hydroxide, potassium iodide, pyridine (redistilled
and stored in a dark bottle with added KOH plates), sodium
hydroxide, sodium sulfate anhydrous, sodium thiosulfate,
starch indicator, and conc. HCl were used for determining the
Iodine value. Sulfuric acid, nitric acid, phenolphthalein indica-
tor, xylene and toluene were used throughout the investigation
andwere obtained fromSigma–Aldrich,Germany. These chem-
icals were used as received without further puriﬁcation. While,
asphalt 60/70 supplied from Suez Oil Processing (SOP), Suez,Table 1 Physical properties of asphalts (L).
Physical properties Asphalt 60/70 (Suez Co.)
– Softening point, Ring and Ball, C 47
– Penetration, at 25 C, 0.01 mm 65
– Ductility, at 25 C, cm +150Egypt was used. Its physical properties are shown in Table 1.
Natural rubber (NR); in the form of sheets, was obtained from
the Heliopolis Military Co. of Chemicals, Cairo, Egypt.
2.2. Preparation of peracetic acid
Peracetic acid was prepared by reacting hydrogen peroxide
with acetic acid in the presence of sulfuric acid in small quan-
tities as a catalyst [10]. Glacial acetic acid (1.6 mol) was added
to (4 mol) of 22.5% hydrogen peroxide solution in the presence
of sulfuric acid (2–3%). Equilibrium was obtained in approx-
imately 12–16 h, at room temperature. Such solutions contain
some unconverted hydrogen peroxide and water which were
eliminated by the addition of small quantity of acetic anhy-
dride (5–7 ml) to shift the equilibrium toward the formation
of additional peracetic acid. Then, the produced peracetic acid
was estimated [11].
2.3. Epoxidation of diene rubbers with preformed peracetic acid
Into (1 L) a three necked round bottomed ﬂask ﬁtted with a
thermometer, a reﬂux condenser, a dropping funnel and a
magnetic stirrer, 10 g of natural rubber (NR) was dissolved
in (500 ml) toluene. Appropriate amounts (19, 38, 76, and
114 ml, respectively) of freshly prepared peracetic acid solution
(59%) were added slowly for 2 h to obtain the suitable amount
of the required peracetic acid which gives an epoxy rubber with
higher hydroxyl and epoxy group content. The temperature
was maintained at about 20–25 C over a total reaction time
of 4 h. The product was then washed three times with a satu-
rated solution of sodium chloride, twice with a saturated solu-
tion of sodium chloride containing potassium hydroxide to
neutralize the residual acid in the mixture and ﬁnally was
washed three times with distilled water [12]. The upper layer
was decanted and the lower organic layer was dried in vacuum
desiccators as shown in Fig. 1.
2.4. Evaluation of the epoxidized rubber
2.4.1. Determination of epoxy group content
0.5 g of epoxidized compoundwas introduced into a 200 ml round
bottomed ﬂask, and then 25 ml of pyridine solution (16 ml conc.
HCl per 1 L of pyridine) was added. The solution was reﬂuxed
and heated gently for 30 min until the sample was completely dis-
solved.Then, the solutionwas cooledwith the condenser and50 ml
of methyl alcohol and 15 drops of phenolphthalein indicator were
added. Themixturewas titratedwith 0.5 NmethanolicNaOH to a
pink end point. Besides the epoxy sample, a blank experiment was
carried out under the same conditions [13]. The epoxy group con-
tent was then calculated using the Eq. (1)
Epoxy group content; % ¼ ðA BÞ  K 0:028 100
W
ð1Þ
where; A is the quantity of NaOH in ml taken for titrating the
acid (blank); B, the quantity of NaOH in ml taken for titrating
the acid (sample); K, is the constant equal to 0.9998; and W,
the weight of the sample (g).
2.4.2. Determination of hydroxyl group content
A sample (0.1–0.2 g) was introduced into a round bottomed
ﬂask quick-ﬁt (250 ml). Then, about 25 ml of reagent (2.5 g
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Figure 1 Schematic reaction of epoxidation process.
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which is connected with a quick-ﬁt condenser. The ingredients
were heated gently for 3 h. At the end of the reaction, 50 ml of
distilled water was added through the upper part of the con-
denser and the heating was continued for 1–2 min. The solu-
tion was titrated against NaOH (0.5 N) in the presence of
phenolphthalein till the end point appeared [14]. A parallel
blank experiment was carried out. The hydroxyl group content
(X, %) was calculated using Eq. (2)
X; % ¼ 0:0085ðV1  V2ÞK 100
g
ð2Þ
where; V1, is the quantity of NaOH taken for titrating the acid
in the blank; V2, the quantity of NaOH taken for titrating the
acid in the sample; K, is the constant equal to 0.9998; and g,
the weight of the sample.
2.4.3. Determination of total Iodine value
i. Twenty milliliters of carbon tetrachloride was added to
0.1–0.2 g of the sample in a 250 ml round bottomed ﬂask
that was shaken until the sample was dissolved. Then, a
25 ml. of iodine solution was added.
ii. The ﬂask was shaken and allowed to stand in the dark
for 120 min at a temperature of 20 ± 3 C. At the end
of the reaction period, 20 ml of potassium iodide solu-
tion was added and mixed well. Two hundred milliliters
of water was added and the ﬂask was shaken well again.
The excess iodine was titrated with thiosulfate solution
using starch as an indicator near the end of the titration
[15]. The total Iodine value was calculated using Eq. (3).
I ¼ 12:7N VðB AÞ
W
ð3Þ
where; I, is the Iodine value; V, the volume of thiosulfate solu-
tion consumed with sample (A), B for the blank experiment Afor the sample; N, the normality of the thiosulfate solution;
and W, the weight of the sample in (g).
2.4.4. Infrared spectroscopic analysis
FT-IR spectra of the epoxidized and non-epoxidized natural
rubber samples were recorded using ATI Mattson-Genesis Ser-
ies FT-IR Fourier transform infrared spectroscopy. The wave
numbers and intensities of FT-IR bands of the different types
of the functional groups were determined in a range of 4000–
500 cm1.
2.4.5. Softening point (Ring and Ball)
The standard test was carried out according to ASTM D36-76.
In this test, a warmed brass ring was ﬁlled with hot asphalt or
modiﬁed asphalt blend, and allowed to cool in air for 30 min.
Any surplus of sample was then cut off level with the top of
ring. The apparatus was assembled and ﬁlled to a height of
5 cm above the upper surface of the ring with freshly boiled
distilled water at a temperature of (4 ± 1) C. This tempera-
ture was maintained for 15 min, a steel ball previously cooled
to 4 C was placed in the center of the disk, and then the tem-
perature was raised by 5 C per min. The temperature at which
the sample surrounding the ball touches the lower plate was re-
corded as the ring and ball softening point.2.4.6. Penetration
The standard test was carried out according to AASHTO T
49-78. In this test, the asphalt and modiﬁed asphalt blends
were heated and mixed thoroughly then poured into a stan-
dard small cup. The sample was allowed to cool in air from
1 to 1.5 h, then transferred to a water bath maintained at pre-
cisely 25 C from 1 to 1.5 h. A standard needle was allowed to
penetrate into the surface for 5 s under the correct loading and
constant temperature. Three or four penetrations were taken
and the average value of penetration was recorded.
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2.4.7.1. Preparation of test specimens.
a. A number of specimens were prepared. The used per-
cents of asphalt by weight of aggregate were 4.5, 5,
5.5, 6, and 6.5. Three samples of each percent were pre-
pared to take the mean value of the test.
b. Preparation of aggregates: aggregates dried to constant
weight at (110 ± 5) C were separated by dry sieving
into the desired mesh size.
c. Determination of mixing temperature: the used method
was carried out according to the Asphalt Institute which
recommends that it is necessary to make beneﬁt of the
temperature–viscosity relationship of asphalt in order
to arrive at the proper viscosity for the construction pro-
cess. The temperature of mixing was in the range of
155–175 C.
d. Preparation of mold for compaction hammer test: The
specimen mold was thoroughly cleaned as well as, the
face of the compaction hammer, and heated on a hot
plate to a temperature near the mix temperature. A piece
of ﬁlter paper toweling cut to size was placed in the bot-
tom of the mold before the mixture was placed in the
mold.
e. Preparation of the mixtures: for each test specimen the
amount of each size fraction required to produce a batch
which will result in a compacted specimen 2.5 ± 0.05
inches in the highest, was weighed into separate pans
This will normally be about 1100 gm. The pans were
placed in the oven and heated to temperature approxi-
mately 10 C above the mixing temperature. The
required amount of asphalt cement (previously heated
to the mixing temperature) was weighed. The aggregate
and asphalt cement were mixed by hand with a trowel
for 2 min to yield a mixture having a uniform distribu-
tion of asphalt throughout.
f. Compaction of specimen: The entire batch was placed in
the mold and 75 blows were applied to each side of the
mold with a special compaction hammer.
g. The specimens were removed from the mold by means of
an extrusion jack, and then the specimens are allowed to
cool overnight.
h. The previous steps were also repeated for the asphalt
modiﬁed with epoxidized natural rubber cured with
maleic anhydride, and (MA) resin.
2.4.7.2. Apparatus. An electrically powered testing device was
used to apply loads to test specimens, the Marshall stability
testing head was used to test the specimens, and a Marshall
ﬂow meter was used to determine the amount of strain at the
maximum load for the test.
2.4.7.3. Test procedure. In Marshall method, each compacted
test specimen was subjected to the following tests according
to ASTM D 1559-89.
a. Bulk speciﬁc gravity according to ASTM D2041-00
b. Stability and ﬂow determination.
c. Voids analysis.2.4.7.4. Stability and ﬂow determination. The standard test was
carried out according to AASHTO T 245-78.
– Test specimens were immersed in the water bath at
60 ± 2 C for 30 min before the test.
– The inside surface of the testing head was thoroughly
cleaned, and zeroed for the no-load position.
– The test specimen was removed from the water bath and the
surface was dried. The specimen was placed and centered in
the lower testing head; then the upper testing head was ﬁt
into position and the complete assembly was centered in
the loading device.
– The ﬂow meter was set to zero. The same assembly of the
testing head and ﬂow meter is then used in testing the spec-
imens. Flow meter is required for the determination of the
ﬂow value. The point of failure is deﬁned by the maximum
load reading obtained.
– The deformation or strain undergone by the specimen dur-
ing loading to maximum value was measured by the ﬂow
meter and reported as ﬂow value.
2.4.7.5. Speciﬁc gravity and voids analysis. 2.4.7.5.1. Bulk
speciﬁc gravity of compacted mixtures. There are three stan-
dard methods according to AASHTO T 166-789, one of which
was used in this work. In this test, the specimens may be either
laboratory scale-molded mixtures or from asphalt pavement.
The mixtures may be surface or wearing course binder or level-
ing course, or hot mix base. In this test, the dry specimen was
weighed (Wa). The specimen was immersed in water at (25 C)
for 1 min and the immersed mass (Ww) was recorded. The spec-
imenwas removed from thewater surface, dried by blottingwith
a damp towel, and the surface dry mass was determined
Bulk specific gravity ¼Wa=ðWsWwÞ
Wa= weight of sample, g; Ws = weight of surface-dry sam-
ple, g; Ww= weight of sample in water, g.
Hot mix dense-grade asphalt concrete mixture conformed
the gradation requirements of the American Asphalt Institute
type IV-C and was used successfully and extensively for the
roads and bridges.
The stability, ﬂow, speciﬁc gravity, and void analyses were
carried out for each series of test specimens as follows:
*(G mm) Maximum theoretical speciﬁc gravity, and
*(G) Speciﬁc gravity.
From these values, the following parameters were deter-
mined: The asphalt lost by absorption into aggregate particles,
effective asphalt content of paving mixture, percent of densiﬁ-
cation, percent of air voids in mix, percent of voids in mineral
aggregate, and percent of voids ﬁlled with bitumen.
2.4.8. Mechanical properties of asphalt concrete and its
modiﬁcation with epoxidized natural rubber (ENR)
The mechanical properties of asphalt concrete were compared
with those of the asphalt modiﬁed with the prepared ENR in
the ratios of 5%, 10% and 15%. Each quantity of ENR
contains 40%, by weight, maleic anhydride. A sample of
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Cairo air port. Asphalt 60/70 penetration grade and its formu-
lations modiﬁed with epoxy resin based on epoxidized natural
rubber (ENR) were mixed with the same grade of aggregates.
The aggregates were 50% dolomite (coarse aggregates) + 45%
sand (ﬁne aggregates) + 5% limestone powder (mineral ﬁller).
The job mix formula of the surface course asphalt mix, 25 mm
max. agg., is listed in Table 5. Marshall Test was used to deter-
mine the speciﬁcation and qualiﬁcation of the tested samples.
The items studied were stability, ﬂow, density (unit weight),
air voids, voids of mineral aggregate, voids ﬁlled with asphalt
(VFA) and densiﬁcation of the compacted paving mixtures.
The results are given in Figs. 5–10.
3. Results and discussion
3.1. Epoxidation of natural rubber
The epoxidation process of natural rubber with peracetic acid
(59%)was carried out by reacting hydrogen peroxidewith acetic
acid in the presence of small quantities of conc. sulfuric acid as a
catalyst. Factors such as the concentration of peracetic acid,
time of epoxidation and overall reaction temperature were
investigated. The chemical properties of the obtained products
such as OH group content and epoxy group content were eval-
uated [16]. The electron repelling group (CH3– group) in perace-
tic acid could make the formation of hydroxonium ion OH+
possible [17,18]. The formation of hydroxyl groups in the pres-
ence of peracetic acid may be due to the ﬁssion of epoxide rings
which takes place during the preparation and treatment of the
epoxidized linseed oil. The possible reactions which may lead
to the ﬁssion of the epoxide rings are illustrated in Fig. 2.
3.2. Effect of peracetic acid quantity
Different quantities of peracetic acid, g/10 g natural rubberwere
dissolved in 1 Lof toluene. The results given inTable 2 reveal the
effect of peracetic acid concentration on the properties of the ob-
tained epoxidized natural rubber from experiments carried out
at constant stirring for 15 h at 30 C. From the obtained data
in Table 2, it was found that with increasing the quantity of per-
acetic acid, relative to NR (10 g), from 19 to 114 g, the epoxy
group content and the hydroxyl value of the obtained epoxi-
dizedNR increase. For economical reasons, the optimum quan-
tity of peracetic acid was chosen (38 g) at the mentioned other
conditions and the optimumconditions of the other determining
factors such as overall reaction time and temperature are evalu-
ated for this quantity.
FT-IR spectrum for the epoxidized natural rubber was
compared with that of the non-epoxidized natural rubber.C C
O
C C
O
1-
+ H 2O
2- + C H 3C O O H
Figure 2 Schematic reactionFig. 3 shows the epoxy absorption band at 1233.9 and
2851 cm1, while, Fig. 4 shows the hydroxyl absorption band
at 3537.3 cm1. Epoxidation of natural rubber is a long-stand-
ing technique to improve the properties of the rubber such as
solvent resistance, gas permeability and mechanical properties,
in addition to high tensile strength and tear strength that the
rubber inherently holds.
3.3. Asphalt formulations for pavement
3.3.1. Evaluation of asphalt formulations
Formulations based on asphalt 60/70 penetration grade, pro-
duced from Suez Co. (L), consist of blends obtained by mixing
ENR together with the curing agent (MA). Many sets of se-
lected experiments were carried out to investigate the necessary
times for their curing and the amount of curing agent. In this
regard ﬁve samples for different asphalt types were prepared.
3.3.2. Effect of curing time on the physical properties of the
obtained formulations
Each sample consisted of 95% asphalt (L) + 5% (ENR+ 5%
MA), and the physical properties for these samples were inves-
tigated by testing the penetration (0.01 mm) and softening
point C for different times (5, 10, 15, 20, and 30 h). The data
given in Table 3 show that the value of penetration (0.01 mm)
measured for the samples based on asphalt (L) decreased with
increasing curing time until reaching the lowest value (41 for
20 h) and then remained unchanged with a further increase
of curing time. The value of softening point C increased with
the curing time for the tested samples. The highest value of
softening point (49 C) was obtained after 20 h. Thus, the
tested formulation exhibited the highest hardness character
at curing time of 20 h. The lowest value of PTS (0.02633)
and the highest value of PI (1.0977) were obtained after cur-
ing time of 20 h.
3.3.3. Effect of the quantity of curing agent (%) on the values of
penetration, and softening point of the prepared formulations
Asphalt samples consist of 95% asphalt + mixture consisting
of 5% (ENR+MA). The mixture was made in different ra-
tios (10–40 w/w). The curing time was in the range of 150–
170 C, at 20 h, and the resulted samples were subjected to
measure the penetration and softening point. The obtained re-
sults show that the values of penetration for all tested samples
remain relatively unchanged with increasing MA% until
reaching the lowest value (38 mm) at 40% of MA. The values
of softening point of asphalt formulation increased gradually
and the highest value recorded was 52 C at 40%MA. The val-
ues of PTS of the tested formulations decreased with increas-
ing the MA%. The lowest PTS value was 0.0254 at 40%C C
O HO H
C C
O HO H
C O C H 3
O
of the epoxide ring ﬁssion.
Table 2 Effect of peracetic acid (59%) quantity on the
properties of the obtained epoxidized natural rubber.
Gram of
peracid/10 g NR
Epoxy group
content (%)
Hydroxyl value,
mg KOH/g NR
19 19 11
38 25 16
76 32 20
114 38 25
144 A.M.M. Abd El Rahman et al.MA. The values of PI increased gradually and reached the
maximum value of 0.870 at 40% MA. Such results indicated
that the best hardness for asphalt formulations can be ob-Figure 3 FT-IR spectrum of the
Figure 4 FT-IR spectrum of the epoxidized natural rubber. L, asphal
in Cairo Air port; L2, AP modiﬁed with 5% epoxidized natural rubb
modiﬁed with 15% epoxidized natural rubber; L5, AP modiﬁed withtained in the presence of 40% MA. According to the above
mentioned data, the mixture can be used to be mixed with
aggregates which were subjected to sieve analysis (see Table 4).
3.3.4. Effect of ENR quantity on the density of asphalt concrete
mixture
Results given in Figs. 5–10 show that the density (g/cm3) of as-
phalt paving mixture (AP) increases with increasing the per-
centage of asphalt. This could probably be due to increasing
the interlocking between ﬁne and coarse aggregates [19]. The
curves for density of the tested samples (asphalt paving mix-
ture modiﬁed with epoxidized natural rubber at ratio of 5%
(ENR+ 40% MA), 10% (ENR+ 40% MA) and 15%non epoxidized natural rubber.
t pavement (AP) without modiﬁcation; L1, AP ready used in hall 3
er; L3, AP modiﬁed with 10% epoxidized natural rubber; L4, AP
15 epoxidized styrene butadiene rubber.
Table 3 Effect of curing time (h) and curing agent (MA) percentage on the penetration, softening point, PTS, and PI for asphalt
formulations [95% asphalt (L) + 5% (ENR+ 5–40% (MA) Cured] at 150–170 C, (20) h and asphalt 60/70.
Rotten test Curing time, (h) Curing agent, (%)
5 10 15 20 30 5 10 20 30 40
Penetration (0.01 mm) 45 44 42 41 41 41 41 40 39 38
Softening point, C 47.3 47.8 48.5 49 48.3 49 49 50 51 52
PTS 0.026 0.026 0.026 0.026 0.026 0.026 0.026 0.026 0.025 0.025
PI 1.119 1.102 1.4881 1.0977 1.1876 1.089 1.089 1.017 0.944 0.870
Table 4 Final grading & tolerance of the surface course
asphalt mix (25 mm max. agg. size).
Sieve size, mm Proposed JMF
% Passing
JMF tolerance
% Passing
JMF Lower limit Upper limit
25 100 93 100
19 96 89 100
12.5 78.6 71.6 85.6
9.5 69.2 62.2 76.2
4.75 54 47 61
2.36 39.2 35.2 43.2
1.18 31.2 27.2 35.2
0.6 21.8 17.8 25.8
0.3 11.7 7.7 15.7
0.15 6.8 5.8 7.8
0.075 4.5 3.5 5.5
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mixtures are lower than the corresponding values for
(APENR) at ratio of (5% LENR+ 40% MA), whereas the
values of density for (APENR) at ratios of (10%
LENR+ 40% MA) and (15% LENR+ 40% MA) are rela-
tively higher than the corresponding values for (AP) mixtures
at 4.5%, 5%, 5.5%, 6% and 6.5% of asphalt.
3.3.5. Effect of ENR resin quantity on the stability of asphalt
concrete mixture
The stability of AP mixture with maximum load resistance to
deformation increases with increasing the amount of the added
asphalt to aggregate due to its inﬂuence on the interparticle
friction [19]. The stability reached the maximum value
(11,500 Newton) for asphalt mixture at 5.5% asphalt by
weight of aggregate. By further increasing the quantities of as-
phalt, the inter-particle friction was reduced. This is mainly
due to the increase of the asphalt ﬁlm thickness at the contact
between aggregate particles [19]. This result was indicated by
the voids ﬁlled with asphalt (VFA) which were found to be
77.4% at 5.5% of asphalt and 88.28% at 6.5% of asphalt as
shown in Figs. 5–10. The values of stability for APENR mix-
tures are 16,632 Newton in the case of a mixture which con-
tains 15% (LENR+ 40% MA). The corresponding value of
(VFA) was 83.4% at 5.5% asphalt by weight of aggregate. It
was found also, as indicated in Figs. 5–10, that the values of
stability decrease with increasing the quantity of asphalt
whereas the percentages of (VFA) are very high, i.e. 93.5%
at 15% (LENR) and 6.5% of asphalt, as the contact between
aggregate particles is very thick which causes a sharp decrease
in the interparticle friction [20]. The highest value of stabilityfor (APENR) mixtures at 15% (ENR+ 40% MA) mixture
seems to be due to the presence of epoxy resin as a thermoset-
ting polymer together with a high temperature hardener (MA).
This behavior probably acts as a ﬁller and cohesive agent in the
mixture of the product when cooled until ambient temperature
[21–23].
3.3.6. Effect of ENR resin quantity on plastic ﬂow of asphalt
concrete mixtures
The ﬂow value indicates the ﬂexibility and plasticity properties
of asphalt contents under trafﬁc load. It is inversely propor-
tional to interface frictions. The maximum ﬂow value, indi-
cated in ASTM speciﬁcations, controls the plasticity and the
maximum asphalt content of the mixtures, i.e. if asphalt con-
tent increases, the ﬂow value will also increase. This is indi-
cated in case of AP mixtures and AP modiﬁed with epoxy
resin based on ENR. The maximum stability obtained at
5.5% asphalt and the highest value of ﬂow (3.8 mm) was
exhibited at 10% ENR+ 40% MA to AP. On the other hand
the ﬂow value decreased to 2.9 mm by increasing the added
percentage of ENR to AP. This property could be due to
increasing the presence of thermosetting epoxy resin formed
on the surface of aggregate particles. This brings the mixture
to the saturate degree with the coating binder and enforces
its stiffness. At the same time, it is impossible to increase the
ENR percentage by more than 15%.
3.3.7. Effect of ENR resin quantity on air voids and densiﬁcation
of asphalt concrete mixtures
As shown in Figs. 5–10, the value of calculated voids in min-
eral aggregate percent for (AP) mixtures reaches 16.35% at
5.5% asphalt. This value increases with increasing asphalt per-
centage to reach 17.02% at 6.5% asphalt. Similar trends are
observed in the curves for the mixtures containing AP modiﬁed
with (5, 10, 15) % ENR+ 40% MA).
The maximum value of VFA (88.25%) was achieved at
6.5% asphalt. From the ﬁgures, it can be concluded that the
voids ﬁlled with asphalt (VFA%) for these mixtures increase
with increasing the percentage of asphalt. On the other hand
the air voids (AV%) for these mixtures decrease with increas-
ing asphalt percentage which means an increase of voids ﬁlled
with asphalt (VFA%). Densiﬁcation is much related to the va-
lue of (AV), i.e. densiﬁcation = 100  AV. It is noticed from
Figs. 5–10 that the densiﬁcation of both (AP), and (APENR)
mixtures increases with increasing the asphalt percent. The
mixtures based on (APENR) at 15% (LENR+ 40% MA) ac-
quire lower values of AV%, and higher values of densiﬁcation
and voids ﬁlled with asphalt, in comparison with the mixtures
of 10% (LENR+ 40% MA), and 5% (LENR+ 40% MA).
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146 A.M.M. Abd El Rahman et al.3.3.8. Effect of ENR resin quantity on suitability of mixture
according to Marshall method
For asphalt paving mixture (AP) (asphalt 60/70 + aggregate
mixtures) and asphalt paving mixtures blended with epoxy
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Figure 9 Effect of Bitumen Content (%) on values of void ﬁlled
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Figure 10 Effect of BitumenContent (%) on values of density g/cm3.
Modiﬁcation of local asphalt with epoxy resin to be used in pavement 147resin based on epoxidized natural rubber (5, 10, 15) % to as-
phalt percentage curried with 40% MA to ENR, (APENR)
for each percentage, the following data are obtained from
the Figs. 5–10.
3.3.9. Effect of ENR quantity on the density of asphalt concrete
mixture
Results given in Figs. 5–10 show that the density g/cm3 of as-
phalt pavingmixture (AP) increases with increasing the percent-
age of asphalt. This could probably be due to increasing the
interlocking between ﬁne and coarse aggregates [20]. The curves
for density of the tested samples (asphalt paving mixture
modiﬁed with epoxidized natural rubber at ratio of 5%
(ENR+ 40% MA), 10% (ENR+ 40% MA), 15% (ENR+
40%MA) (ENR) to (AP)) acquire the same shape as (AP) mix-
ture. The density values of asphalt paving (AP) mixtures are
lower than the corresponding values for (APENR) at ratio of
(5% LENR+ 40% MA), whereas the values of density for
(10% LENR+ 40%MA), 15% (LENR+ 40%MA), are rel-
atively higher than the corresponding values for (AP)mixture at
(4.5, 5, 5.5, 6, and 6.5) % of asphalt.
4. Conclusion
1. Preliminary experiments illustrated that the most suit-
able epoxidation condition for natural rubber and sty-
rene butadiene rubber was using 38 g of preformed
peracetic acid solution (59% concentration) added to
10 g of NR, with stirring for 4 h, at 30 C.2. The most suitable parameters for blending asphalt
cement with epoxy resins were found to be: curing tem-
perature of 150–170 C, curing time of 20 h and curing
agent (MA) of which weight is 40% of the weight of
epoxy resin.
3. Comparing the samples prepared with asphalt to those
prepared with modiﬁed asphalt using Marshall test, it
was found that 15% of (ENR+ 40% MA) achieves
stability of 16,632 Newton, air voids of 2.5%, ﬂow of
2.9 mm and mineral voids of 14.6%.
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